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Abstract 
 
With the growing population of elderly, the need for assistance has also increased 
considerably especially for the tasks such as cleaning, reaching and grasping objects among 
others. There are numerous assistive devices in the market for this group of people. However, 
they are either too expensive or require overwhelming user effort for manipulation. Therefore, 
the presented research is primarily concerned with developing a low-cost, easy to use assistive 
device for elderly to reach and grasp objects through intuitive interface for the control of a slave 
anthropomorphic robotic arm (tele operator). The system also implements haptic feedback 
technology that enables the user to maneuver the grasping task in a realistic manner. 
A bilateral master-slave robotic system combined with the haptic feedback technology 
has been designed, built and tested to determine the suitability of this device for the chosen 
application. The final prototype consists of primarily off the shelf components programmed in 
such a way as to provide accurate teleoperation and haptic feedback to the user. While the nature 
of the project as a prototype precluded any patient trials, testing of the final system has shown 
that a fairly low cost device can be capable of providing the user an ability to remotely control a 
robotic arm for reaching and grasping objects with accurate force feedback. 
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Chapter 1 Introduction 
 
1.1 Background 
The global population is rapidly ageing. By the year 2050, more than 1 in every 5 persons 
throughout the world is projected to be aged 60 or over, while nearly 1 in every 6 is projected to 
be at least 65 years old [1]. This growth in the elderly population will bring a corresponding 
surge in the number of elderly people with functional limitations. Functional limitations are 
physical problems that limit a person’s ability to perform routine daily activities, such as eating, 
bathing, dressing, paying bills, and preparing meals. On average, about one-third of the people 
aged 65 or older report functional limitations of one kind or another. The proportion of older 
adults experiencing limitations in activities of daily living increases with age ranging from 26% 
at 65 to 74 years to 63% at 85 years or older. One study estimates that more than two-thirds of 
65-year-olds will need assistance to deal with a loss in functioning at some point during their 
remaining years of life [2]. If those rates of prevalence continue, the number of elderly people 
with functional or cognitive limitations, and thus the need for assistance, will increase sharply in 
the coming decades. 
Out of the everyday tasks that are challenging for the elderly to perform, picking up 
miscellaneous objects, especially from the floor or a shelf, and carrying objects, are listed as high 
priority tasks as shown by Table 1.1. The same has been confirmed through a recent interview 
conducted at the local assisted living place (Appendix A).  
Functional limitations are frequently compensated by informal care. A proportion is also 
addressed through assistive technology. According to the disability statistics report [3], over 6.8 
million Americans use assistive devices to compensate for the impairment. Out of this, nearly 
64% of the assistive device use is by persons aged 65 and over [3]. An assistive device is 
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anything that helps a homecare patient with activities of daily living. The technology related 
assistance for individuals with disabilities act of 1988 defined an assistive technology device as 
“any item, piece of equipment, or product system, whether acquired commercially off the shelf, 
modified or customized, that is used to increase, maintain or improve functional capabilities of 
individuals with disabilities”. These devices help a patient perform activities that might 
otherwise be difficult or impossible.  
Table 1.1: User task priorities as surveyed by Stanger et al. [4] 
Priority Task 
High • Picking up misc. Objects, esp. from floor or shelf 
• Carrying objects 
Moderate to 
High 
• Eating/Drinking 
• Preparing Food and Drinks 
• Personal hygiene 
• Leisure and Recreation 
 
Based on the survey results shown in the table 1.1 and interview with the elderly, the 
most challenging everyday task is to reach and grasp objects from shelves. Therefore, the scope 
of the thesis is limited to research and development of optimal solution for reaching and grasping 
object from shelves. 
1.2. Problem statement and purpose of the study 
There are many robotic assistive devices in the market that enable the elderly to reach 
and grasp things. However, they are either expensive or require overwhelming user effort (both 
mental and physical) for manipulation. Therefore, there is a need for a cost effective assistive 
device which can be manipulated with minimal effort and guidance.  
The goal of this study was therefore to develop an effective assistive device for executing 
some of the high priority tasks challenging the elderly population with minimal effort, while 
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taking into consideration cost, simplicity, safety and acceptance. The parameters for developing 
a new assistive device were obtained through in depth interviews with elderly, literature review 
and researching existing products in the market. 
Furthermore, greater levels of activity are linked to successful ageing [5]. Literature 
suggests that machine mediated therapy offered through haptic interfaces have the potential to 
improve the outcome of stroke patients engaged in rehabilitation for upper limb motor 
impairment [6]. Therefore, the purpose of this study also included validating the incorporation of 
haptics feedback technology into the assistive device that provides a sense of force feedback to 
the users. This would not only protect the objects held from being damaged but would also 
provide the users with therapy benefits especially for stroke patients.  
1.3. Hypothesis  
Based on the literature review, it is hypothesized that a bilateral master slave robotic 
system would be a suitable design for this application wherein master unit would consist of a 
partial wearable exoskeleton which will manipulate a remote mobile robotic arm (slave unit) and 
in turn obtain a force feedback sensed by the master unit indicating reactions experienced by the 
slave unit.  
It is also hypothesized that the product based on this design would function considerably 
well by using off the shelf inexpensive components. Various qualitative and quantitative 
parameters are hypothesized and are detailed in section 3. 
1.4. Overview of related concepts 
1.4.1. Teleoperation for robot manipulation  
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 The idea of teleoperation [9] has been around since the 1970s, a time when it was totally 
unfeasible to program adaptive robots, instead it was easier to allow human beings to control the 
robots from afar. The main advantage of this is that human beings are adaptive and so are better 
able to deal with unstructured environments.  
 Teleoperation has an important role in manipulating remote objects interactively using 
robotic manipulators, especially in hostile environments [10]. 
 Robotic arms with prehensile functions are now extensively used in telemedicine, such as 
endoscopic teleoperation [11]. Da Vinci Surgical System from Intuitive Surgical [12] is an 
example of a commercially available sophisticated robotic manipulator which translates the 
surgeon's hand, wrist and finger movements into precise, real-time movements of the surgical 
instruments inside the patient. 
There are numerous methods of manipulating the robotic arm remotely. The basic 
method would be using remote controller sensors such as joystick, capacitive sensor keypad, 
rotary encoders, and potentiometers. The research in this area is ongoing and aims at minimizing 
the input required from the operator in order to strengthen the human-machine interaction. Most 
commonly, data gloves are employed to control the joints of robotic hands through the use of 
flex sensors. Other, more advanced data gloves employ acoustic, resistive or magnetic induction 
sensors to track the motion of the phalanx [13].  
1.4.2. Master-Slave system 
 Human hands are capable of doing skilled dexterous manipulations with high precision 
and can grasp objects with high grasping forces. These characteristics make them excellent 
manipulators. Skillful manipulations of human hands are often needed in extreme environments, 
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for example in radioactive environments or outer space. Here, human presence can be avoided 
with effective master-slave tele operator systems.  
 In the master-slave control methodology, which has been used in this work, the slave 
robot (tele operator) replicates the movements of the master. Methods for controlling master-
slave robot systems may be divided into two categories – unilateral control system and a bilateral 
control system [14]. In a unilateral control system, conceptually shown in Fig 1.1(a), no force 
feedback is available from the slave unit. The only form of feedback to the master unit operator 
is in the form of vision data. Such a system has the merit of having a simple controller and 
mechanism; however dexterous manipulation is difficult. Fig 1.1 (b) shows a bilateral control 
system in which a force feedback signal, usually electrical, is available from the slave to the 
master control unit. Although the controller and other mechanisms become more complex, 
dexterous manipulation is possible using such a bilateral system. 
 
Figure 1.1: Concept of Master-Slave control system [15] 
 
1.4.3. Need and importance of haptics technology for grasping tasks 
Haptics is an emerging technology that is growing rapidly. Haptic interfaces are a 
particular group of robots that are attractive due to their ability to safely interact with humans.  
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The word haptics refers to the capability to sense a natural or synthetic mechanical environment 
[16]. Haptic interfaces enable man- machine communication through touch, and most commonly 
in response to user movements. Also, it provides simultaneous information exchange between a 
user and a machine. A complete haptic interface usually includes one or several 
electromechanical transducers (sensors and actuators) in contact with a user in order to apply 
mechanical signals to distinct areas of the body and to measure other mechanical signals at the 
same distant areas of the body. These signals could refer to forces, displacements or a 
combination of these and their time derivatives [16]. Haptics lend themselves to being excellent 
candidates for improving the level of activity and related senses for the elderly. 
Force feedback is classified into two categories- Passive and active. Active and passive 
force feedback can be differentiated by whether or not ENERGY is added to the system by the 
controller. Active force feedback controllers apply forces to the user by adding energy into the 
human-machine system. Passive force feedback controllers apply forces to the user by removing 
energy from the human-machine system. For example, an active controller might use servo 
motors to generate feedback forces. The strength of the forces could be directly regulated by the 
computer which regulates power to the motors. A passive controller might use energy dissipation 
elements such as a friction brake or a magnetic particle brake. These devices can not directly 
apply forces to the user, rather they can only apply resistance to the user's motion. The advantage 
of active force feedback control is that it is inherently general. When using active elements such 
as servo motors, the system can produce any general force sensation. The advantage of using 
passive force feedback control is that it is inherently stable and inherently safe for the user. This 
is because energy dissipation elements only resist motion but do not induce motion. Thus the 
tradeoff between active and passive is a tradeoff between performance and safety [17]. The 
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passive approach to interaction control is very simple and cheap, because it does not require 
force/torque sensors. The response of passive compliance mechanism is much faster than active 
repositioning by the computer control algorithm. However, since no forces are measured in the 
passive feedback approach, it cannot guarantee that the high contact forces will never occur [17]. 
The following sections provides a survey of the relevant related research regarding 
existing assistive devices. 
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Chapter 2 Literature review 
2.1 Existing assistive devices for grasping objects 
There are numerous assistive devices in the market that enables the user to reach and 
grasp objects.  One example is MANUS arm developed by Exact dynamics Inc. [7] which is a 
wheelchair mounted robotic arm that allows a variety of activities to be carried out on a day to 
day basis. The MANUS can be operated using a wide range of input devices that include, but are 
not limited to, a keypad (sixteen-buttons in a 4x4 grid), or a joystick (e.g. the joystick of the 
wheelchair). This has a payload capacity of 3.3 lbs [18]. 
MANUS has also been used by many research groups to improve manipulation. Kim et 
al. [8] developed a system for integrating various processes needed for end to end 
implementation of the assistive robotic manipulator, MANUS. The primary objective of this 
research was to design an easy to use modular assistive robotic system, UCF-MANUS as shown 
in Figure 2.1, that can be utilized for a robust operation in unstructured environments without 
any major revision to its structure, regardless of the user’s level of disability, preference, or 
residual functional ability. The system was tested in a simulated environment of daily living 
tasks to quantitatively evaluate the absolute and relative efficacy of the various control modes 
and input modalities at the interface. The results of this research indicated that users experienced 
difficulty to manipulate the robot in manual mode as it required numerous command inputs.  
The pick and place tasks carried out using the interfaces: Cartesian control using 16-
button keypad and Cartesian control using TS and GUI (manual mode) are very time consuming 
and requires lots of effort from the user in terms of manipulation. Mechanical design is not 
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suitable for reaching the top shelves and would be unsafe for the user to manipulate the robot in 
the manual mode. 
 
 
Figure 2.1: Left and middle: Manus Arm in folded out and folded in configuration; Right: 
MANUS under user control-picking up a remote control from shelf at about a coffee table 
height using a trackball switch combination [8]. 
 
2.2 Ongoing research in teleoperation and haptics  
A haptics based assistive device prototype was developed by Gohil et al. [18]. It was 
controlled using a human arm by means of haptics technology. A haptic glove was developed 
that fitted over the user’s hand like an exoskeleton with potentiometers installed on finger and 
wrist which picked up the change in resistance with hand movement. In other words, the sensors 
on the haptic device worked as transducers and converted hand motions into electrical signals. 
These hand movements were replicated using a robotic arm as shown in figure 2.2. However, 
communication lag, safety aspects and data transmission from the robotic arm to the human arm 
has not been discussed. 
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    Figure 2.2: Robotic arm and haptic glove [18] 
 Minas et al. [19] developed a similar system for teleoperation and tele manipulation with 
the five fingered robot hand DLR/HIT II. A Cyberglove II was used to capture human hand 
kinematics and a modified version of the joint-to-joint mapping methodology was used to map 
human to robot hand motion. A force feedback device based on RGB LEDs and vibration motors 
that can provide real-time feedback of the forces exerted by a robot hand was used so as for the 
user to be able to perceive the forces exerted by the robot fingertips as shown in figure 2.3. Each 
led in the RGB led has three different color intensity values (one for each color) and was 
controlled through the Arduino platform. The value of each color ranges from 0 (off state) to 255 
(higher state) so in order to create the different color variations, different intensity levels of 
different colors were fused to enable the user to determine the amount of pressure to be applied 
on the object. Similarly vibrational motors were used to provide haptic feedback. 
 
Figure 2.3: 5 fingered robotic hand manipulated through Cyberglove [19] 
Slave unit  
Master unit  
21 
 
 Lelieveld et al. [20] developed a portable haptic interface with passive force feedback as 
shown in the figure 2.4. The concept utilizes a mechanical tape brake at the rolling-link 
mechanism (RLM) for passive force feedback. The brake of a desired joint is actuated to lock the 
movement of the corresponding RLM when a virtual object is touched. The locking of the 
relevant RLM is dependent upon the phalange that touches the object. Due to the locked RLM, 
no rotation of the relevant finger joint is possible. The circular links make it possible to exert a 
perpendicular force on the finger phalanges during the complete flexion and extension motion. 
The operator will sense a virtual object. The brake is released when the operator moves away 
from the virtual object. The brake allows some extension movement of the finger, due to the low 
stiffness of the flexible outer cable. Therefore, the operator can move the finger away from the 
object. The brake is released when a rotation of 0.5° is sensed at the potentiometer located at the 
brake drum for a smooth and low friction movement. Therefore, no strain gauges are required for 
sensing the force direction to cancel out the braking command, which allows a less complex 
structure of the device. 
 
Figure 2.4: Side view of finger with haptic interface in stretched and bent position [20]. 
 Commercially available wheelchair mounter robotic arms (WMRAs) are expensive 
($12,500–$50,000), and require the user to drive the wheelchair to the desired object in order for 
the arm to perform tasks. Users have reported that the size of WMRAs may hinder their ability to 
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reach a table or maneuver the wheelchair through narrow passages [21]. Also, most of the 
current studies in the teleoperation and haptics field focuses on testing the functionality of the 
system/device and very limited information has been presented regarding the cost, safety issues, 
ethical and societal impacts, data communication, and detailed signal transmission data between 
the master and slave robotic system with an integrated haptics feedback technology.   
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Chapter 3 Methodology 
 
It is hypothesized that a bilateral master slave robotic system would be a suitable design 
for this application wherein master unit would consist of a partial wearable exoskeleton which 
will manipulate a remote robotic arm (slave unit) and in turn obtain a force feedback sensed by 
the master unit indicating reactions experienced by the slave unit. This hypothesis will be tested 
through the design and build of a prototype device that integrates all of the desired aspects of a 
practical device. The constraints for the proposed prototype are detailed in table 3.1. 
Table 3.1: Qualitative and quantitative constraints of the prototype 
Qualitative constraints Quantitative constraints 
1. How extensive is the input needed by 
the user? 
1. Time taken to complete a given task    
    should be less than 30 seconds 
2. Is the device safe? 
2. The robotic arm must be able to lift 1   
     lbs. at the slave unit without tipping  
     over 
3. Is the device aesthetically appealing 
and socially acceptable? 
3. The master unit wearable part should  
    accurately manipulate the end effector  
    and in turn obtain force feedback for  
    objects with weights ranging from 0.2 lb  
    to 2 lb 
4. Does the device irritate the user or 
occupy extra space? 
4. Success rate of grasping, moving and  
    placing the held object should be 95% 
5. Does the device potentially offer 
therapy benefits? 
5. The robotic performance should map to  
    the motion simulations using the  
    kinematic model for accurate control 
6.  Does the device grip the objects    
 firmly and allow the transfer of   
 objects? 
6. The device should be cost effective 
7.  Is the device upgradeable?  
 
The following sections describe the mechanical design and the control system setup. 
 
 
 
24 
 
3.1 System design, analysis and verification 
3.1.1. Concept design 
Based on the previous literature review, it was found that grasping and reaching for 
things are some of the most challenging and common tasks for the elderly to perform on a daily 
basis. Therefore an initial concept was developed based on tele-operation which involves 
manipulation of the robotic device from a certain distance. The design includes a bilateral master 
and slave system wherein an anthropomorphic slave robotic arm replicates the movements of the 
master, and the master unit, in turn, receives force feedback for safe manipulation.  
The master unit represents the tool and mechanism used by the operator to provide the 
slave with position commands. Figure 3.1 shows the model of the human arm and various 
parameters that are mapped to the proposed master unit.  
 
 
Figure 3.1: Mapping the joints of a human arm to the master unit of the proposed system 
 
3.1.2. Master unit design 
The design of the master unit is shown in figures 3.2 and 3.3. The master unit has two parts: 
1. Partial hand exoskeleton representing the gripping part of the hand and manipulating the  
end effector at the slave unit, as well as providing haptic feedback (Figure 3.3) 
Z1 
X1, X2 
Z2 
Z3 
X3 Elbow joint 
flexes and 
rotates 
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2. Robotic unit representing the first two joints supporting the hand in a human arm for 
manipulating the corresponding joints of the slave unit (Figure 3.2) 
The partial hand exoskeleton and robotic unit are kept as separate units so that it can be 
used by users with different arm sizes and also reduce the amount of material and bulkiness. This 
would ultimately reduce the amount of system load on the elderly user’s arm. 
The robotic part has two mapping joints simulating the elbow and gripper to reduce the 
complexity of the system. The position of each of the joints is measured using potentiometers 
mounted at the axis of rotation of the joint.  
 
Figure 3.2: Master unit elbow design 
 
The wearable exoskeleton is shown in the figure 3.3. This unit gets strapped on the users 
hand by means of velcro. The unit consists of fingercap to place the forefinger and a link that is 
connected to the servo motor which provides the haptic feedback. The flex sensor will be 
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attached on top of the rubber link that passes on the forefinger. This sensor enables the 
manipulation of end effector by offering resistance change values. 
 
 
Figure 3.3: Master unit hand wearable exoskeleton 
3.1.3. Slave unit design 
The design and exploded view of the slave robotic arm is as shown in figure 3.4 as  a two 
degree of freedom robotoic arm with two rotational joints. The angular range for both joints is 
from 0 degrees to 180 degrees. This unit simulates the front part of the human arm. The robotic 
arm length is chosen by considering the average human arm length for reaching things on 
shelves. Anthropometric dimensional data [22] shown in the table 3.2 has also been used for 
choosing appropriate length of the arm, according to which the average human lower arm and 
2.93” 
7.05” 
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hand length is approximately 16 inches. However, for this length, a higher torque would be 
required to account for moment arm. Therefore, the length of link 2 is taken as 10”.  
Table 3.2: Standing and sitting dimensions in meters [22] 
 
  
Male  
 
Female  
Name  Dimension 5th% 50th% 95th% 5th% 50th% 95th% 
Stature A 1.649 1.759 1.869 1.518 1.618 1.724 
Eye 
height(Standing) B 1.545 1.644 1.748 1.427 1.52 1.63 
Mid shoulder height C 1.346 1.444 1.564 1.21 1.314 1.441 
Waist height D 0.993 1.102 1.168 0.907 0.985 1.107 
Buttocks height E 0.761 0.839 0.919 0.691 0.742 0.832 
Sitting height F 0.859 0.927 0.975 0.797 0.853 0.911 
Eye height(Sitting) G 0.743 0.8 0.855 0.692 0.743 0.791 
Upper arm length H 0.333 0.361 0.389 0.306 0.332 0.358 
Lower arm + hand 
length  I 0.451 0.483 0.517 0.396 0.428 0.458 
Upper leg length J 0.558 0.605 0.66 0.531 0.578 0.628 
Lower leg length K 0.506 0.553 0.599 0.461 0.502 0.546 
 
The length of link 1 is taken as 3.75 inches as this would enable the user in the 
wheelchair to rest their arm and maneuver the slave unit comfortably. Aluminum channels are 
used for building the links as it is a light weight material with density of 0.095 / and high 
tensile strength of 483 MPa as opposed to steel with a higher density of 0.284 /. This 
allows the reduction of the overall weight of the robotic arm while providing excellent strength.  
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Figure 3.4: Exploded view of the slave part of the robotic system 
 
3.1.4. Modeling 
The idea behind this concept was to develop a slave robotic arm that would mimic the 
human arm motion. As part of the concept development phase of the project, forward kinematic 
model of the arm was developed for the slave unit of the system. The base of the model is the 
arm shown in figure 3.5 which is used for the kinematic modeling and analysis. This model 
allowed for simulation of the device motion as a baseline to verify that the designed parameters 
allow the device to function as desired. Appendix B includes the details of the model.  
 Based on the forward kinematics model (Appendix B), workspace covered by this 
proposed device has been calculated as shown in Figure 3.6. The work envelope enables the 
visualization and modification of the design according to the needs of the application and 
restriction of the work environment.  This is also very important for the safety of the end user. 
Moreover, this simulation exposes any possible singularities in the device motion allowing 
prevention of any possible dysfunctionality of the device.  
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Figure 3.5: Kinematic model parameters of the proposed slave robotic arm 
 
 Angular limits at each of the joints was specified in the program for generating the work 
envelope. Joint 1 and joint 2 of the master robotic unit are controlled by the elbow joint of the 
human arm. Therefore, there is limitation in extent to which the human arm can rotate about the 
elbow joint. The angular limit was measured using a digital protractor by resting the arm on the 
master robotic unit. Five trials were taken by moving the arm in left and right direction. The safe 
average angular range of motion was determined as -35 degrees to 135 degrees in horizontal 
direction and 45 degrees to 135 degrees in vertical direction. These values were input into the 
program for generating the work envelope. The projection of the work envelope in XY, ZX and 
ZY plane are shown in the figures 3.6, 3.7 and 3.8. The 3 dimensional work envelope is shown in 
the figure 3.9. The work envelope for the proposed device is a part of a spherical shell with the 
thickness equivalent to the length of the end effector. 
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Figure 3.6: Work envelope of slave robotic arm in XZ plane 
 
Figure 3.7: Work envelope of slave robotic arm in XY plane 
 
Figure 3.8: Work envelope of slave robotic arm in ZY plane 
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Figure 3.9: 3D view of work envelope of the proposed device 
  
The inverse kinematics model was also derived in Appendix B using the forward 
kinematics model. The inverse kinematics models allows the calcuation of the vector of joint 
values corressponding to a designed end effector goal state.  
The joint angles, 1 and 2 were calculated and are as follows: 
2 = 
2(sin(2 , cos(2    (3.1) 
 
    1 = 2(,       (3.2) 
Where x and y are the cartesian space values. 
Hard coding these equations into software allows the joint angles to be calculated in real 
time as x-y coordinates are given to the controller. This inverse kinematic model can be used to 
programmatically provide the information for how to move each joint of the prototype to achieve 
a preset x-y position for the user hand relative to the location of their elbow.For control purposes, 
this would be an ideal break down method of common commands by actuator of where the 
actuator should move to, and could be used to, create smooth motion profiles as desired, within 
the microprocessor. 
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3.2. Control system and electrical circuitry design 
The literature review in section 1 shows numerous methods for manipulating the robots 
remotely such as joystick and teach pendant. Similarly, a variety of sensors are used for 
providing haptic feedback for various applications. Since the goal of this research was to develop 
a cost effective assistive device, off-the-shelf electronic components were used to build the 
prototype. The following sections summarize the overall system architecture and main features 
of the components used.  
3.2.1. Flex sensor 
Since the proposed technique for manipulating the end effector is an exoskeleton glove, 
flex sensors seem to be a perfect match for this application as they can run on top of the fingers 
and offer variable resistance when the fingers are moved back and forth. Flex sensors (such as 
strain gages) mounted inside the gloves generate an electrical signal proportional to the bending 
amount of each phalange. Phalanges are the bones that makes up the fingers of the hand and toe. 
A computer interface incorporated in the loop, converts these signals into angular measurements 
which are then communicated to the robotic hand to mimic the gestures. 
One side of the sensor is printed with a polymer ink that has conductive particles 
embedded in it. When the sensor is straight, the particles give the ink a resistance of about 30k 
Ohms. When the sensor is bent away from the ink, the conductive particles move further apart, 
increasing this resistance to about 50k Ohms when the sensor is bent to 90º, as in the figure 3.10. 
When the sensor straightens out again, the resistance returns to the original value. By measuring 
the resistance, the corresponding angle of the motion can be determined. 
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(a)      (b) 
Figure 3.10: 4.5” flex sensor (a) and basic electrical circuit (b) [23] 
 
3.2.2 Flexi force sensor 
There are numerous methods of producing feedback in a mechanical system. One basic 
method would be to place a precision spring in the system and measure the detection [24]. More 
advanced methods would include placing a load cell or strain gage in the system and reading the 
resulting force. The method that is especially popular in haptic systems is applying carefully 
controlled current to motors. Current can be directly calibrated to torque output from a given 
motor through mathematical formulas [24]. One device that shows promise in the field of 
haptics, but so far has been used in very limited applications, is the force sensitive resistor (FSR). 
The operation of a force sensitive resistor (FSR) is analogous to a piezo-electric device. 
Applying a force to a FSR changes the resistance of the device. FSRs can be considered 
normally open where, at rest they exhibit an extremely high resistance [25]. As a load is applied 
the resistance of the sensor decreases. This relationship is shown by a typical plot in figure 3.11. 
The change in resistance can be converted to force through formulas specific to the FSR and the 
driving circuitry based on actual calibration. 
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Figure 3.11: Calibration curve for Flexi force sensor [25] 
FSRs are manufactured in a wide variety of form factors and load ranges [4]. Strip FSRs 
are long, trimmable strips that allow sensing along the entire length of the strip. More advanced 
strip FSRs offer feedback as to where along the strip the load was applied. Certain manufacturers 
also offer square FSRs with a large, square sensing area. These sensors provide x-y coordinates 
to define where the force was applied and are gaining popularity as sensors under touch pad type 
computer mice. One model FSR, manufactured by Tekscan, is shown in figure 3.12. Tekscan 
produces an FSR called the FlexiForce. This FSR is a thin film resistor with a thickness of 0.008 
inches [25].  
The FlexiForce FSRs are constructed of two layers of polyester film, a layer of silver 
applied to each, and pressure sensitive ink between the silver layers. The silver layer extends to 
the end of the resistor, which can be trimmed to any length [25]. A schematic diagram of the 
construction of the FlexiForce FSRs is shown in figure 3.13. Tekscan recommends that the FSR 
be placed in a driving circuit as shown in figure 3.12. The FSR is driven by an excitation voltage, 
the force output is determined through a combination of this voltage and the reference resistor 
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RF. In the case of the driving circuit reducing RF will decrease the sensitivity of the circuit and 
increase the maximum force the sensor can read [25].  
 
 
 
Figure 3.12: Flexiforce sensor and basic driving circuit [25] 
 
 
Figure 3.13: FlexiForce sensor construction [25] 
The FlexiForce sensors were chosen for this project primarily because of their sensing 
area and their relatively inexpensive cost. The silver sensing pad in the FlexiForce sensor is a 
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circle with 0.375 inches in diameter. Unlike strip FSRs or square FSRs of comparable price and 
performance, the FlexiForce FSRs allow a much smaller and controlled sensing area. The most 
important area of force application is the end effector gripping surface.  Because the area of 
interest is well defined it is suitable to use an FSR with relatively small sensing area. 
Obtaining accurate force readings from any FSR requires calibration and testing to 
account for the driving circuitry. Tekscan recommends a conditioning and calibration procedure 
for their FSR products, found in the FlexiForce user manual [26]. Tekscan recommends using 
this calibration procedure for new FlexiForce resistors as well as resistors that have not been 
used for a significant period of time. This procedure will reduce drift and hysteresis effects on 
the FSRs [25]. 
 
3.2.3. Transistor for haptic motor control  
A TIP 120 NPN (Negative-Positive-Negative) transistor is used as a switch to control the 
power supplied to the motor. The design and electrical schematic of this transistor can be found 
in the product manual [27] 
The motor that provides haptic feedback is attached to a link on the partial hand 
exoskeleton. When the master unit is powered, this motor locks its position and continues to 
remain in that position until it receives a PWM signal from the microcontroller. This hinders the 
ability to move the hand. Therefore, a NPN transistor was introduced to control the power 
supplied to the motor. It is programmed in such a way that the motor turns off when the hand 
unit is powered and allows the hand to move freely. The motor turns on when it receives a signal 
from pressure sensor located on the slave robotic unit and provides a resistive force feedback to 
37 
 
the user’s hand by pulling the link by a small angle of 2 degree and then switches off again. The 
hand can keep moving further even when the haptic feedback is ongoing. This is controlled in 
the program to be repeated at a certain frequency based on the pressure intensity to mimic 
vibration feedback (appendix E). 
3.2.4. Actuators 
The proposed slave unit consists of a 2 degrees of freedom robotic arm. Both degrees of 
freedom is achieved through a rotational joint and therefore requires motor to drive the links 
attached to the joints.  Servo motors were chosen over other motors due to its ability to move to 
fixed positions based on the input signals from the sensors. Servo motors can position the motor 
shaft at a specific position (angle) using control signal. The motor shaft will hold at this position 
as long as the control signal is not changed. This is very useful for controlling the robot arms, or 
any object that is required to move at certain angle and stay at its new position [27]. Since servos 
are fully self-contained, the velocity and angle control loops are very easy to implement, while 
prices remain very affordable [28]. 
Numerous parameters like range of motion and velocity were analyzed for selecting 
appropriate servo motors for two joints of the slave robotic arm and is shown in the table 3.3. 
The rationale for choosing these ranges are detailed in section 3.1.3. 
Table 3.3: Joint 1 and joint 2 angular range of motion
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Caroline et al. [29] carried out studies to document the major changes that occur in the 
control and coordination of movement with respect to aging. It has been shown that the reaction 
time and movement time of older adults are slower than those of young adults and older adults 
produce movements with 30-70 percent lower peak velocity compared with young adults. 
Therefore, based on this, average velocity of the arm was determined as 70 degrees/sec by 
resting the arm on the master robotic unit and a 30% velocity was deducted from this value to 
account for lower movement time in elderly. Therefore, the resulting velocity of 49 degrees/sec 
was considered as a safe speed range for and elderly person. 
 Torque and power information was further analyzed to decide the type of motor and the 
calculations are detailed in Appendix A. The torques at joint 1 was determined to be 56 kg-cm 
including the factor of safety. Based on the motor manufacturer recommendation, a safety factor 
of 2.0 was applied. This led to selecting a motor: HS 7950 (3:1 gear ratio) and the specifications 
are detailed in table 3.4. The speed of this motor was found to be sufficient for mimicking the 
elderly human arm motion.  
   Table 3.4: Specifications of HS 7950 motor 
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Figure 3.14: HS-7950 servo motor [30] 
 Gripping force is the maximum effort applicable by the end-effector. This force is 
normally used for the claw grippers which are the end-effectors, representing the force that the 
fingers can apply on a part. The slave robot gripper applies this force on the object to retain it 
from slipping, especially during movement. 
 The calculation of the gripping force and its limitations that the robot gripper must apply 
depends on the mass of the part that must be moved, the friction coefficient between the finger 
material, part material, and the gravitational acceleration constant [31].  
 To make sure the part doesn’t slip during static pretension, the gripping force for the 
proposed end effector design was calculated as 0.89 Kgf including a factor of safety of 1.2. The 
gripper torque was determined as 12.46 Kg-cm. Detailed calculation of gripping force and torque 
are shown in Appendix A. Based on these results, a 15 Kg-cm torque analog servo motor from 
Pololu was chosen (Figure 3.15). The specifications of this motor are detailed in Appendix H. 
This motor is also used for providing the force feedback on the master partial hand exoskeleton 
as the resisting force on the end effector should be proportional to the force experienced by the 
master unit.  
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Figure 3.15: 1501 MG analog servo motor [32] 
 
3.2.5. Power supply 
 The motors for joint 1 and joint 2 of the slave robotic unit are rated at 6-7.4V and 4.8 A. 
The motor for end effector joint and haptic feedback are rated at 6V, 3 Amps. Due to varying 
current and voltage rating, Venom Ni-Mh rechargeable batteries were used to power the motors 
and is shown in the figure 3.16.  
 
Figure 3.16: 6V, 3A Ni-mh battery (left) and 6V, 5A Ni-mh Venom battery 
3.2.6. Master-slave parts wireless communication 
To eliminate possible wiring issues including safety and possible maintenance, and to 
allow for maximum flexibility, a wireless communication method was chosen for this system. 
The wireless communication is performed using a specialized chip, nRF24L01 (figure 3.17). 
This is an inexpensive single chip 2.4 GHz transceiver with an embedded baseband protocol 
engine, suitable for ultra-low power wireless communications. One of this chip is mounted on 
the master unit and one on the slave unit for a two way data communication. The maximum 
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distance range covered by this chip is 100 meters. This chip was chosen as Arduino has libraries 
that supports the function and also covers a wide range of data communication distance of 100 
meters which is well above the required specification for the prototype. The pin configuration 
and block diagram for this chip can be found in product manual [33]. 
 
Figure 3.17: nRF24L01 wireless module [34] 
3.2.7 Controller and software interface 
Arduino uno is chosen as a main controller interface for the assistive device. All the 
electronic components are connected to this microcontroller for data communication. Detailed 
description and specifications of the controller are provided in appendix I. One Arduino is used 
to control the components on the master unit and one on the slave unit. This enabled the 
separation of the master and slave unit for wireless communication. Arduino also has libraries to 
control servo motors, wireless transceivers and sensors. 
A protoshield (Appendix I) was used to facilitate prototyping as it allows for easy 
connections between a breadboard and an Arduino. The protoshield provides Arduino with easy 
access to a prototyping area, two general use LEDs, access to a BlueSMiRF socket, a general 
use push button, and most important of all the Arduino reset button. This shield sits on top of the 
Arduino and offers extra pins and eases the process of soldering. 
The complete system architecture and the data flow between different components is 
shown in the figure 3.18.  
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Figure 3.18: Complete system architecture of the proposed haptic device 
 
Data and signal transmission between different components and units for transmitter and 
receiver is shown by detailed algorithms in the figure 3.19 and 3.20.  
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Figure 3.19: Flowchart of transmitter program logic 
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Figure 3.19: Flowchart of transmitter program logic (Continued) 
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Figure 3.20: Flowchart of receiver program logic 
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Figure 3.20: Flowchart of receiver program logic (Continued) 
 
 
47 
 
3.3 Proof of concept and physical prototype 
3.3.1    Proof of concept 
A prototype system for testing the teleoperation and haptic feedback was built as a proof 
of concept as shown by figure 3.21. The schematic of the electrical circuit for this proof of 
concept was created using Eagle software and is described in appendix D. The master unit is a 
glove which has the conductive rubber stitched on top of it, which when stretched, changes 
resistance causing rotation of the motor attached to the end effector, proportionally. The flexi 
force sensor is attached to one of the links of the end-effector which when holding an object, 
senses pressure and sends the signal to the micro servo motor attached to the glove around the 
wrist. This concept has been videotaped [35] which clearly demonstrates the functionality of 
both flex sensor and pressure sensor. Arduino micro controller was used for controlling all the 
components on the master and slave unit. The end effector was designed based on the four bar 
mechanism principle. A prototype was built for testing purposes using acrylic material. It was 
found that the design worked well for holding objects.  
Building the prototype enabled testing of the required functionality to determine various 
glitches that can be treated before developing the actual system. Some of the things that were 
observed from this prototype were:  
 1. The glove was made of fabric and therefore did not stay firm on the hand. 
2. The conductive rubber was not very sensitive. It had to be stretched to a greater  
extent for obtaining a small resistance change. This made the maneuver of the  
end effector challenging. 
3. Only one microcontroller was used for controlling the system. This led to clumsy  
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wiring which in turn restricted the hand motion. 
 
Figure 3.21: Proof of concept for the proposed assistive device 
 
3.3.2 Physical system of master-slave unit 
 The physical prototype of the complete system is shown in the figure 3.22. The master 
and slave units are described in detail in the following sections. 
 
Figure 3.22: Physical system of the master-slave unit 
3.3.3  Physical system of Master unit 
Based on the experience obtained from the prototype, the proposed system was built. The 
master unit is shown in the figure 3.23 and the slave unit is shown in the figure 3.27.  The master 
unit includes two rotating joints. A potentiometer has been attached to each of these joints. A 
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0.5” bore flat bearing mount is placed on top of joint 1 to obtain the swivel motion. A mounting 
hub is placed on top of this and is secured to the potentiometer using a set screw, as shown in the 
figure 3.34. Similarly, the knob of the potentiometer at joint 2 is attached to a 3D printed plastic 
part which in turn will get attached to the arm of the user through Velcro. The two joints are 
connected using a L bracket. The elbow of the user is placed on the L bracket base and can move 
sideways or up and down. Aluminum channels with holes are used as a supporting structure for 
the maser unit.  
 
Figure 3.23: Complete master unit with user’s hand in place 
 
 
Figure 3.24: Master unit parts 
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The partial hand exoskeleton unit in figure 3.25 is secured to the hand using Velcro. This 
part is 3D printed with openings for placing the two fingers. A thin plastic sheet runs over the 
two fingers and is mounted on both ends. A flex sensor is mounted on this sheet. The unit also 
consists of a link for providing haptic feedback which is attached to the shaft of the motor on one 
end and to the finger cap on the other end. The home position of the hand unit is defined as a 
position where the angle between the four fingers and thumb is 90 degrees. At this position, the 
resistance offered by the flex sensor would be zero. The maximum angle to which the unit can 
move from the home position is 44.5 degrees as shown in the figure 3.26.  
 
Figure 3.25: Partial master unit hand exoskeleton 
 
 
Figure 3.26: Hand exoskeleton in home position (left) and maximum stretched position (right) 
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3.3.4 Physical system of slave unit 
The slave robotic unit consists of two degree of freedom robotic arm structure based on 
two rotating joints shown in figure 3.27. A servo motor for joint 1 is attached to a 3.5” long 
aluminum channel and gear of the servo motor is mounted to an L bracket through a mounting 
hub to obtain swivel motion in the x-plane. Similarly, servo motor gear at joint 2, enclosed in a 
9” aluminum channel, is mounted to the top end of the L bracket to obtain a swivel motion in y-
plane. The end effector is mounted at the end of the 9” channel. Therefore, the overall reach of 
the robotic arm in the x- axis is 19.67” and y-axis is 11.67”. The working area of the robotic arm 
based on these lengths is 140.39  and is plotted using the kinematic model detailed in 
Appendix B. The home position for this unit is defined as 90 degree between link 1 and link 2. 
Detailed dimensions of this unit can be found in Appendix C. 
 
Figure 3.27: Proposed system of slave unit 
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4 Experimental Results and Discussion 
The various components of the proposed master-slave system were tested separately at 
various stages of the development process. The integrated system was also tested after all the 
components were obtained and assembled. The results of all testing performed during the project 
and the relevant discussion are provided in the following sections. 
4.1 Verification of forward kinematic model  
The forward kinematic model is verified against the actual system by providing the same 
input of joint space values to both the model and the slave unit of the actual system. Results of 
the cartesian space values (end-effector coordinates) from both sides were gathered and 
compared, as shown in table 4.1. A testing was done to verify the accuracy of the coordinates 
against the values obtained through theoretical model. Different joint angles were input to joint 1 
and joint 2 servo motors through Arduino IDE. Once the robot moved to this position, the x, y 
and z coordinates were recorded using a tape measure.  
Table 4.1: Comparison of Cartesian space values of the model and actual system 
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It can be observed from the table 4.1 that the difference in the Cartesian space values of 
the model and the actual system on an average is 0.21, 0.143, and 0.357 inches in x, y and z 
direction respectively. These differences can be considered minimal over the given range. 
However, some of these difference could be due to human error involved in measuring the 
distances using the tape measure and also due to the varied voltage supply of the battery that 
might affect the performance of the servo motor which in turn hinders the ability of the link to 
move to the required location. 
4.2 Verification of inverse kinematic model 
The inverse kinematic model is verified by inputting the x, y and z coordinates to the 
slave unit and measuring the corresponding joint angles using digital protractor. These joint 
angle values are then compared to the theoretical model values. This test enabled to validate the 
forward kinematic model. It can be seen from the table 4.2 that difference in model joint space 
values and the actual joint space values is within 1 degree which is very minimal and therefore 
the inverse kinematics model is verified. 
Table 4.2: Comparison of joint space values of the model and the actual system 
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4.3 Verification of the integrated system 
The complete system was tested for grasping performance and feedback capability. In 
order to evaluate the performance of the slave unit in approaching and grasping, objects from 25 
categories that were ranked most important for robotic retrieval by motor impaired patients from 
the Emory ALS center [36] were considered. Out of these objects, a few of them were chosen for 
testing the grasping capabilities of the end effector.  
A grasp was deemed successful if the robot picked up the object and held it there for 
about 10 secs without dropping. The robotic arm was moved from -45 degrees to 135 degrees 
and the corresponding distance was about 24 inches in y-axis where the object was kept. The 
qualitative analysis of this experiment is shown in table 4.3. The robotic arm was able to lift 4 
out of 5 objects successfully. Also, all the objects were of different shapes and size.  
Table 4.3: Overall performance of the system 
 
The time taken to pick and place each of the objects was also recorded as shown in the 
table 4.3. The time taken by the robotic arm to pick and place most of the chosen objects were 
less than 30 seconds which goes in line with the defined objectives in section 2. The maximum 
time was taken for picking up a cookie packet as the end effector joint is rigid and has no degree 
of freedom. The system was unable to provide haptic feedback for cookie packet and pill box. 
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The robotic arm had to reach very close to the ground to pick these objects and the object did not 
come in complete contact with the flexi force sensor. 
4.4 Repeatability of flex sensor 
Repeatability of the flex sensor was quantified by the following experiment. The haptic 
motor on the master unit was programmed to bend the flex sensor to a specific angle.  
Table 4.4: Repeatability of flex sensor 
Angle of 
flex sensor 
in degrees 
Arduino analog reading of flex sensor 
Average 
Standard 
deviation Trial 1 Trial 2 Trial 3 Trial 4 
1 213 212 212 214 212.75 0.96 
2 212 213 212 214 212.75 0.96 
3 213 214 213 213 213.25 0.5 
4 209 213 211 215 212 2.58 
5 210 212 212 215 212.25 2.06 
6 206 208 211 212 209.25 2.75 
7 206 204 213 210 208.25 4.03 
8 209 203 211 209 208 3.46 
9 208 201 210 209 207 4.08 
10 206 200 209 206 205.25 3.77 
11 206 197 207 205 203.75 4.57 
12 205 197 207 204 203.25 4.35 
13 203 194 205 201 200.75 4.79 
14 200 194 203 202 199.75 4.03 
15 200 195 203 201 199.75 3.4 
16 197 193 201 194 196.25 3.59 
17 196 191 200 196 195.75 3.69 
18 193 189 198 196 194 3.92 
19 194 190 197 196 194.25 3.1 
20 191 188 193 192 191 2.16 
 
The setup was automated to flex the sensor in steps of one degree within the allowed 
range of 45 degrees. At each step, the corresponding analog values were recorded from the 
Arduino serial monitor. A smaller standard deviation within the tabulated values at a particular 
angle would indicate that the sensor has good repeatability. The recorded analog values from the 
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flex sensor and standard deviation are tabulated in table 4.4. It can be noted that the standard 
deviation remains consistent over the range of 20 degrees and varies between 0 and 5 which is an 
acceptable range for the application. The calibration procedure and technical specifications of 
this sensor is detailed in the user manual in appendix F. 
4.5 Wireless communication response time between master and the slave unit 
Due to wireless communication, the response time between the master and slave units 
might vary and affect the performance of the complete system. In order to determine the 
response time, the time difference between the master unit’s start of motion at random initial 
positions and the corresponding actuation of the slave unit was calculated. This was measured 
for both horizontal and vertical axis actuators. A stop watch, with least count of 1 millisecond, 
was used to record the time for this experiment. The results are detailed in table 4.5 and it can be 
inferred that there is a delay in response time between the master and slave unit. Much of the 
delay is due to the communication between the receiver and transmitter radio manager software 
which is a part of the Arduino library. However, the maximum delay over five trials is 1.578 secs 
which can be considered very minimal as it is designed to be used by elderly who would require 
the system to respond slowly and steadily. 
Table 4.5: Wireless communication delay between master unit and slave unit’s horizontal 
actuator 
Trials 
Master unit’s start 
time (stop watch 
measured value) 
Slave unit’s start 
time (stop watch 
measured value) 
Delay in 
response 
time, secs 
1 00:00:00 00:00:01.237 1.237 
2 00:00:00 00:00:00.504 0.504 
3 00:00:00 00:00:00.756 0.756 
4 00:00:00 00:00:01.578 1.578 
5 00:00:00 00:00:01.000 1 
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4.6 Calibration testing of Flexiforce pressure sensor 
When the force sensor is unloaded, its resistance is very high. When a force is applied to 
the sensor, this resistance decreases. The resistance is measured by a multimeter, when applying 
a force to the sensing area. Each of the FlexiForce FSRs was conditioned prior to being installed 
in the prototype. Tekscan recommends performing this conditioning procedure on new FSRs in 
order to reduce the effects of drift and hysteresis on the sensors [25]. After the conditioning 
procedure was completed the sensors were calibrated in order to correlate the analog sensor 
value to the applied force.  
The flexiforce sensor was calibrated according to the procedure described in Tekscan 
manual [25]. Since the maximum weight lifted by the end effector was defined as 2 lb, the 
calibration was done using the standard weights ranging from 0.022 lb to 0.44 lb (figure 4.1). 
Each of these weights were placed on the sensor and the respective changes in resistance were 
recorded using a digital multimeter. The graph of the same is shown in figure and it can be seen 
that the trend in which the curve is changing matches the actual calibration curve given by the 
manufacturer as described in the section 4. 
 
Figure 4.1: 0.022 lb-0.44 lb Calibration curve for flexi force sensor 
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The sensors were calibrated in order to correlate the analog sensor value to the applied 
force. The product manual [25] for the 1120 FlexiForce adapter board contains conversion 
factors for this purpose. Equation 4.1 was taken from the 1120 manual as the conversion factor 
for the 0-1 lb FlexiForce FSR.  
 =   !/461     (4.1) 
This calibration was done by connecting one lead of the flexi force sensor to analog input 
through a 150 Kohm resistor and the other end to the ground of Arduino microcontroller. The 
analog input from the sensor was recorded by placing different weights on the sensor. A 0.25” 
diameter puck was placed on the sensing area of the sensor to concentrate the load applied and 
obtain accurate results. This data was plotted in excel using a built in function. An equation for 
converting the raw analog signal to applied force was derived from the best fit equation shown in 
figure 4.2. This equation is given as equation 4.2.  
 
Figure 4.2: Plot of the FlexiForce calibration results showing best fit line and R2 value 
  =   !/1534.7    (4.2) 
y = 1534.7x + 95.26
0
100
200
300
400
500
600
700
800
900
0 0.1 0.2 0.3 0.4 0.5
A
n
a
lo
g
 r
e
a
d
 v
a
lu
e
s
Force, lbs
59 
 
This equation differs slightly from the equation provided by Phidgets for the 1120 
adapter. Because of this discrepancy equation 4.2 was used for the conversion in the Arduino 
program for providing feedback. 
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5 Conclusion 
Teleoperation and bilateral system with haptic feedback was incorporated in the proposed 
system that would enable the user to move his/her hand in a natural way for manipulating the 
robot and in turn obtain force feedback for realistic grasping experience.  
The proposed assistive device that has been designed and built, demonstrated to meet all 
of the quantitative and qualitative objectives set forth in section 2. The device is able to pick and 
place certain selected objects with minimal effort and within 30 seconds. Once the master unit is 
secured to the user and the power supply is turned on, the user is not required to look at the 
screen or use joystick to maneuver the robotic arm but instead can move their hand intuitively 
and reach for objects. Haptic feedback was obtained for most of the selected objects except 
cookie packet and pill box which was due to insufficient contact between pressure sensor surface 
and the object. The sensors used for this device are all tested for accuracy and have an error 
percentage of less than 5%.  
The wireless data communication on an average showed a delay in response time of 
1.015 secs and a standard deviation of 0.416.  However, this delay is very minimal as the 
proposed device is designed to be used by elderly people which demands a slower motion of the 
system. 
Bill of material was created for building this prototype (Appendix K) which indicates that 
the overall cost for the build was around $1205.60. Some of the commercially available 
wheelchair mounted assistive device costs around $12500-50,000 dollars [21] which clearly 
indicates that the prototype is 90% cheaper. Moreover, the prototype uses off the shelf 
components which are much more cost effective as opposed to the custom made parts. However, 
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the overall cost for the build is excluding the mobile base for the slave robotic unit which was 
one of the hypothesis. A rough bill of material for building the mobile base is detailed in 
Appendix K which has an overall cost of 2276 $. The total cost of the device considering the 
mobile base would therefore be 3481$ which is still 72% cheaper than the commercially 
available assistive devices. The estimated cost for the prototype is based on a payload capacity of 
2 lbs as opposed to the 3.3 lbs on the commercially available MANUS arm. Based on this, the 
cost of the prototype may rise a little due to the requirement of higher capacity motors and power 
supplies for meeting the higher load capacity. On the other hand, the estimated cost of the 
prototype is including the haptics technology which is an added feature as opposed to the 
existing assistive devices. In conclusion, the proposed device is considerably cost effective 
which is built using inexpensive off the shelf components along with haptics feedback 
technology. 
The safety of the slave robotic arm was ensured by carrying out the forward kinematic 
model and defining safe working limits for both user and the robotic arm in the Arduino 
program. The force limits for haptic feedback were set by carrying out numerous experiments 
and therefore the device has been prototyped by considering various safety aspects for the chosen 
environment. Emergency stops can be added to each of the motors in the system to provide 
further safety against any possible hardware glitches. 
Research suggests that haptic feedback offer therapy benefits, and therefore clinical trials 
would be an expansion to this project. Nevertheless, various factors need to be taken into 
consideration for carrying out such tests. Some of these aspects are discussed in the following 
sections.  
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On the whole, the proposed haptic feedback assistive device is a cost effective and 
reliable assistive device that enables the user to reach and grasp objects. It may be able to 
provide affordable assistance in the near term, especially with tasks that involve small, 
lightweight objects. 
5.1. Ethical considerations 
The proposed haptic assistive device was designed and built as a proof of concept 
prototype. As such if used for patient trials even though safety aspects have been taken into 
consideration, it would require a more rigorous testing and design to ensure adherence to safety 
and national standards. A much detailed analysis is needed to testify the credibility of the 
complete system. As professionals engineers are bound by professional codes of ethics [37], in 
full clinical trials, or any trial involving actual patients, consideration must be given to the safety 
of the patient using the device. In a strict sense an engineer beginning human trials on a device 
such as this should insist on testing being monitored by a trained personnel. This will ensure 
minimum risk to any human subjects 
5.2. Future work 
The haptic feedback project was treated as a prototype from the initial concept phase. 
With that basis there are several features that are not included in this initial prototype that may be 
included in future iterations of the design. 
5.2.1. Range of motion of master unit 
The master unit is currently designed to be mounted to a wheelchair so that the user can 
operate the slave robotic arm easily. However, the user’s hand will be constrained to the unit and 
since only elbow joint is considered for two rotating motions, the range of motion of the user is 
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restricted to a maximum of -30 degrees to 60 degrees. This might also strain the users hand as 
the whole hand movement is concentrated on the elbow joint. Therefore, future design revisions 
should include shoulder joint and also incorporate sensors such as accelerometer for mapping the 
hand data to the remote robotic arm. The partial hand exoskeleton also has a range of motion 
restriction of 45 degrees. This limits the ability of the user to hold small objects.  The design can 
further be iterated to incorporate flexibility to handle a wide range of objects. 
5.2.2 Haptic feedback capability 
 The proposed system consists of only one pressure sensor and the experimental trials 
indicated that the hand did not obtain haptic feedback when holding certain type of objects. The 
reason behind this issue is the point of contact between the object and the end effector. 
Therefore, the future design needs to incorporate more sensors to exactly position the end 
effector around the object for obtaining accurate and precise haptic feedback. 
5.2.3 Single source power supply 
The current haptic feedback assistive prototype incorporates four servo motors run on 
separate power supplies. The motor for joint 1 and 2 on the slave unit requires 6V and 4.8A stall 
current, whereas the end effector and haptic motor requires 6V, 3A current. For testing purposes, 
Ni-mh batteries were used to supply varying current rating. This means that there are four 
batteries that needs to be charged to operate the prototype. Therefore, future revisions of this 
device should incorporate a single dedicated power supply with different current rating that 
matches the motor specifications.  
 
  
64 
 
5.2.4. Location of the remote object by slave robotic unit 
Aligning the end effector to the objects can be quite challenging with the existing 
prototype as the user has to really be really attentive for doing this task which in turn can be very 
strenuous.  A possible future solution for this could be to attach a video camera to the slave 
robotic unit and a display unit to the wheel chair to enable the user to clearly see the objects 
remotely. The robotic arm can be programmed based on the visual feedback to precisely locate 
the object of interest. There are numerous researches going on in this area. The robot Obrero uses 
vision at the beginning of the task to direct the attention of the robot and to get a rough 
estimation of the position of the object. Next, the robot moves its limb towards the object and 
explores with the hand the area around it. During exploration, the robot exploits tactile feedback 
to find the actual position of the object and grasp it [41]. 
5.2.5 Revised end effector design 
 The end effector design of the slave robotic unit has only one degree of freedom and 
hinders the ability of the user to hold different shaped objects. A five fingered robot as described 
in the section 2 could be one of the future revisions. However, maneuvering this could be more 
dexterous and fabrication of such an arm can be expensive. 
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Appendix A 
Torque, speed and end effector gripping force calculations 
A simplified beam model has been created to carry out the torque calculation as shown in 
the figure A1. 
 
Figure A1: Simplified beam model of the slave robotic arm 
 
Parameters 
Material chosen: Aluminum alloy 
Aluminum is a light weight material with a density of 0.095 / and high tensile 
strength of 483 MPa. This enables to reduce the overall weight of the robotic arm along with 
providing excellent strength. 
 
L1= Length of link 1=10 in 
Robotic arm lengths are chosen by considering the average human arm lengths for reaching 
things in shelves.   
 
W1=Weight of link 2=0.77 lb 
W2=Weight of end effector = 0.25 lb 
W0=Weight of the object = 1.5 lb 
Considering a factor of safety of 20% for the weight of the object, maximum weight of the object 
would be 
1.5 lb+(1.5 lb*0.2)=1.8 lb 
Therefore total weight of end effector and object = 1.8 lb+ 0.25 lb=2.05 lb 
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Torque at joint 1 *1 = 2.05  ∗ 10  + (0.77  ∗ 5  = 48.7  −  = 5.5 / − 0 = 56 12 − 0 
779.2 oz-in approximately equal to 800 oz-in 
Servo city, manufacturer of a variety of servo motor recommends to double the calculated torque 
for safety purposes. Based on this, a HS 7950 (3:1 gear ratio) with a speed of 0.39 seconds/60 
degrees and torque of 1206 Oz-in at 6V was chosen for both joint 1 and 2.  
The angular velocity of this servo motor was calculated as follows: 
Given torque=56 kg-cm=4.05 pound foot and speed=0.39 sec/60 deg 
For 0.39 sec, rotation is 60 deg, for 1 sec, rotation=60/0.85=153 degrees 
Based on the torque and speed calculation, it is found that this servo motor meets all the set 
objectives and specifications. 
 
The calculation of the minimal gripping force that the robot gripper must apply will include the 
mass of the part that must be moved, the friction coefficient between the finger material and the 
part material and the gravitational acceleration constant [31].  
F: Gripping force [N] 
u: Coefficient of static friction=1.1 (Rubber material) 
m: Mass of the part [kg] =0.816 kg 
g: Gravitational acceleration [9.81 m/s^2] 
a: Acceleration (if it is significant) 
 
 To make sure the part doesn’t slip during static pretension, the gripping force should be 
higher than the weight of the part itself. 
    F > m(g+a)/u      (A1)  
 = 0.816 × 9.81.1 = 7.26 / 
Factor of safety=F+20% *F=7.26 N+ (0.2*7.26 N)=8.712 N=0.89 Kgf 
Factor of safety = (allowable load-Actual load)/allowable load (based on torque limits of motor) 
 
Gripper torque=gripper Force*Length of the jaw (It is the distance from the gripper face) 
Gripper torque=0.89 Kg*14 cm=12.46 Kg-cm 
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Appendix B 
Forward and inverse kinematic modeling 
As a part of the concept development phase of the project, a kinematic model of the arm 
was developed. The model of the arm shown in figure B1 was used for the kinematic analysis. 
This will allow for simulation of the device to verify that the designed parameters function as 
desired. Frames have been affixed to all parts of mechanism and the relationship between these 
frames has been described. Frame 0 defines the 0 location for all angles and distances in the 
kinematic model. ϴ1 is the angle between frame 0 and frame 1. Frame 1 is attached to the elbow 
joint and rotates with the joint. L1 is the distance between the x-axes of frame 0 and frame 1. ϴ 2 
is the angle between the z-axis of frame 1 and the z-axis of frame 2. L2 is the distance between 
the z-axes of frame 2 and frame 3. Frame 3 is attached to the end of the link 2 representing the 
center of the end effectors grip.  
 
Figure B1: Kinematic model of the proposed device 
 
Link is considered as a rigid body that defines the relationship between two neighbouring joint 
axes of the robotic arm. The mechanisms are defined using the link parameters. 
 
 
 
L1=5.75” 
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Table B1: Kinematic Parameters Defined from Attaching Frames to the Model 
i ∝567 8567 95 :5 
0 0 0 0 0 
1 0 0 L1 ; 
2 90ᵒ 0 0  
3 0 L2 0 0 
 
In general, the transformation matrix that defines the frame {i} relative to the frame {i-1} is  
 
<==6; = > ? −@ 0 =6;@. ?A=6; ?. ?A=6; −@A=6; −@A=6;. B@. @A=6; ?. @A=6; ?A=6; ?A=6;. B0 0 0 1 C   (B1) 
Where, , A,  B B are link parameters which are shown in the figure B1 
 
 
Figure B2: Definition of link parameters 
 
By substituting the individual link parameters into the equation B1, the individual 
transformartion for each link of the proposed robotic arm (Figure B1) is calculated as follows: 
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<D; = >?1 −@1 0 0@1 ?1 0 00 0 1 00 0 0 1C     (B2) 
 
<; = >?2 −@2 0 00 0 −1 −E1@2 ?2 0 00 0 0 1 C    (B3) 
 
< = >?3 −@3 0 E2@3 ?3 0 00 0 1 00 0 0 1 C     (B4) 
 
 
 
The final transformation matrix = <D; × <; × <       (B5) 
 
< =D >?(1 ∗ ?(2 −?(1 ∗ @(2 @(1 E2 ∗ ?(1 ∗ ?(2?(2 ∗ @(1 −@(1 ∗ @(2 −?(1 E2 ∗ ?(2 ∗ @(1@(2 ?(2 0 E1 + E2 ∗ @(20 0 0 1 C (B6) 
 
MATLAB code for slave robotic arm work envelope 
%Determining the transformation matrix  
%Written by: Archana Pradeep 
%Instructor: Dr. Nael Barakat 
  
clc; 
clear all; 
  
%Define the link lengths 
  
L1=3.75; 
L2=10; 
  
%Define the angle limits for link 1 and 2 
  
th1min=-45*3.14/180; 
th1max=135*3.14/180; 
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th2min=0; 
th2max=70*3.14/180; 
  
hold off 
  
% Determine the transformation matrix for the mechanism 
  
for th1=th1min:10*3.14/180:th1max 
for th2=th2min:10*3.14/180:th2max 
     
T01 = [cos(th1) -sin(th1) 0 0;sin(th1) cos(th1) 0 0;0 0 1 L1;0 0 0 1];  
  
T12 = [cos(th2) -sin(th2) 0 0;0 0 -1 0; sin(th2) cos(th2) 0 0;0 0 0 1];  
  
T23 = [1 0 0 L2;0 1 0 0;0 0 1 0;0 0 0 1];  
  
T03=T01*T12*T23 
disp(T03) 
  
%defining the position variables 
X=T03(1,4);  
Y=T03(2,4); 
Z=T03(3,4); 
  
% Plot the workspace 
  
scatter3(X,Y,Z) 
title('Robot workspace', 'fontsize',16) 
xlabel('Distance,mm') 
ylabel('Distance,mm') 
  
hold on 
end 
end 
 
The inverse kinematics models allows the calcuation of the vector of joint values corressponding 
to a designed end effector goal state.  
The inverse kinematics model is given by the following equations. 
X= E2 ∗ ?(1 ∗ ?(2      (B7) 
Y= E2 ∗ ?(2 ∗ @(1      (B8) 
Z= E1 + E2 ∗ @(2      (B9) 
 
The first step to finding the value of the angles is to square and add these two equations. The 
resulting eqaution is shown below.  +  = E2 ∗ 2     (B10) 
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Solving this equation for the cosine of 2 yields: 
cos(2 = FGHIJHK       (B11) 
 
By trignometric identity: Sin(2 = √1 − 2     (B12) 
Therefore the final value of 2 can be found using the Atan2 function. 2 = 
2(sin(2 , cos(2    (B13) 
 
It is important to note that in software, equations B7, B8 and B9 must be calculated in order to 
determine the value of 2. At this point one of the variables, 2, is known. Therefore the value 
for 1 can be solved using the equations for x and y above. Through algebraic manipulation the 
equations for x and y can be re-written as follows: 
 JG = tan( 1       (B14) 
Therefore,   1 = 2(,       (B15) 
Where all the variables are the same as was used in the table B1 
Hard coding these equations into software allows the joint angles to be calculated in real time as 
x-y coordinates are given to the controller. This inverse kinematic model can be used to 
programmatically provide the information for how to move each joint of the prototype to achieve 
a preset x-y position for the user hand relative to the location of their elbow. 
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Appendix C 
Mechanical drawings  
Slave unit  
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Partial hand exoskeleton 
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Master unit 
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Appendix D 
Electrical schematic 
 
 
Figure 7: Schematic of the electronic circuit developed for the proof of concept 
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Working Prototype schematic 
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Appendix E 
Arduino code for the complete system 
Transmitter Code 
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Receiver Code 
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Appendix F 
User manual: Flex sensor 
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Appendix G 
Transistor  
A TIP 120 NPN (Negative-Positive-Negative) transistor is used as a switch to control the 
power supplied to the motor and is shown in the figure 4.5. The NPN transistor is designed to 
pass electrons from the emitter to the collector (so conventional current flows from collector to 
emitter). The emitter emits electrons into the base, which controls the number of electrons the 
emitter emits. Most of the electrons emitted are collected by the collector, which sends them 
along to the next part of the circuit. The basic electrical schematic is shown in the figure 4.6.  
 
Figure 4.5: TIP120 NPN Darlington Transistor [39] 
 
 
Figure 4.6: Electrical schematic of TIP120 transistor for switching applications [39] 
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Appendix H 
Motor specifications 
1501 MG analog servo motor specification 
 
HS 7950 servo motor 
Detailed Specifications 
Control System: +Pulse Width Control 1500usec Neutral 
Required Pulse: 3-5 Volt Peak to Peak Square Wave 
Operating Voltage Range: 4.8-7.4 Volts 
Operating Temperature Range: -20 to +60 Degree C (-4F to +140F) 
Operating Speed (4.8V): 0.18 sec/60° at no load 
Operating Speed (6.0V): 0.15 sec/60° at no load 
Operating Speed (7.4V): 0.13 sec/60° at no load 
Stall Torque (4.8V): 344oz/in. (22kg.cm) 
Stall Torque (6.0V): 402oz/in. (29kg.cm) 
Stall Torque (7.4V): 486oz/in. (35kg.cm) 
Operating Angle: 45 Deg. one side pulse traveling 400usec 
Continuous Rotation Modifiable: Yes 
Direction: Clockwise/Pulse Traveling 1500 to 1900usec 
Idle Current Drain (4.8V): 9mA at stop 
Idle Current Drain (6.0V): 9mA at stop 
Current Drain (4.8V): 220mA/idle and 3.8 amps at lock/stall 
Current Drain (6.0V): 300mA/idle and 4.8 amps at lock/stall 
Dead Band Width: 1usec 
Motor Type: Coreless Carbon Brush 
Potentiometer Drive: 6 Slider Indirect Drive 
Bearing Type: Dual Ball Bearing MR106 
Gear Type: Titanium Gears 
Connector Wire Length: 11.81" (300mm) 
Dimensions: 1.57" x 0.79"x 1.50" (40 x 20 x 38mm) 
Weight: 2.40oz (68g) 
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Appendix I 
Arduino Microcontroller Specifications 
Arduino Uno is a microcontroller board based on the ATmega328. It has 14 digital 
input/output pins (of which 6 can be used as PWM outputs), 6 analog inputs, a 16 MHz ceramic 
resonator, a USB connection, a power jack, an ICSP header, and a reset button. It contains 
everything needed to support the microcontroller. It can be simply connected to a computer with 
a USB cable or power it with a AC-to-DC adapter or battery to get started with the programming.  
 
Figure K1: Arduino Uno microcontroller 
The Arduino runs a simplified version of the C programming language, with some 
extensions for accessing the hardware. Programs are created in the Arduino development 
environment and then downloaded to the Arduino board. Code must be entered in the proper 
syntax which means using valid command names and a valid grammar for each code line. The 
compiler will catch and flag syntax errors before download. 
 
Arduino protoshield 
 
Figure K2: Protoshield for Arduino uno 
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Appendix J 
Interview Questionnaire 
An interview was conducted at Delaware manor which is an assisted living place in Grand 
rapids, MI. Five elderly people between the age of 60 and 70 were interviewed. Numerous 
questions were asked regarding the challenges faced by them in terms of day to day activities. 
The questionnaire and the answers recorded are shown in the table below: 
 
Questions Answers 
1. What are the activities that are challenging 
on a day to day basis? 
• Dusting 
• Reaching for things in shelves 
• Picking up objects from floor 
• Medicine reminder 
• Assistance in using internet 
2. Would you be willing to have an assistive 
device for any of these activities? 
• yes 
3. What are your expectations from the 
assistive devices? 
• The device should be easy to use with 
very minimum input 
• The device should be safe 
• Should be controllable from the 
wheelchair  
4. Would you like the device to be fully 
automated or would you like to be involved in 
controlling it to some extent? 
• 3 people mentioned that they would 
still like to have some physical 
activity while controlling it but should 
be absolutely less strainful. 2 people 
mentioned that they want the robot to 
do all the tasks for them. 
5. Which is task that requires most assistance? • Reaching for things in shelves and 
pick objects from different places 
6. Would you be willing to have a mobile 
assistive device? 
• Yes. It would be helpful in things such 
as grabbing the cell phone, Television 
remote control and turning on/off 
lights. 
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Appendix K 
Bill of Materials 
Component name Quantity Cost in $ 
Motor for base, HS 7950 (Servo city) 2 499.96  
Servo motor for end effector, pololu 1 20  
Motor for haptic feedback, pololu 1 20 
Flex sensor, SEN-08606, sparkfun 1 13 
Force resistive sensor 1 30 
10 Kohm potentiometer 2 2 
3.75” aluminum channel 1 4.59 
9” aluminum channel 1 7.99 
90 degree dual side mount (1 pair) 1 5.99 
Round base A 1 6.99 
90 degree hub mount bracket A 1 5.99 
0.25” Socket head cap screw 25 1.69 
32x1/4” Flat head screw 6 0.60 
0.4375”socket head cap screw 25 2.09 
6V, 3A Power supply 3 60 
Arduino board 2 9.64 
Wires 1 4 
3D printed parts 12 62.82 
Enclosure for circuitry 2 40 
nRF24L01 wireless module 2 2 
Shipping rough estimate  1 50.00 
Publishing fees/expenses 1 200 
Miscellaneous 1 155.71 
Total       1205.06 dollars 
Bill of material considering mobile slave robotic unit 
Component name Quantity Cost in $ 
Vexnet cortex system bundle 1 400 
Leeson Motors Gearmotor 2 454 
DC motor drive 2 137.2 
6 inch omni wheel 2 100 
Caster 1 19 
NEMA 3R enclosure 1 166 
Miscellaneous  1000 
Total       2276 dollars 
Note: The parts for the mobile slave robotic unit base is chosen considering a load capacity of 80 
lbs. 
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